Sliced (cut) and exterior (intact) surfaces of restructured cooked roast beef were inoculated with Listeria monocytogenes, treated with cetylpyridinium chloride (CPC; immersion in 500 ml of 1% solution for 1 min), individually vacuum packaged, and stored for 42 days at 0 or 4ЊC. Noninoculated samples were similarly treated, packaged, and stored to determine effects on quality (color and firmness) and on naturally occurring bacterial populations, including aerobic plate counts and lactic acid bacteria. Immediately after CPC treatment, regardless of inoculation level, L. monocytogenes populations were reduced (P ϭ 0.05) by about 2 log CFU/cm 2 on sliced surfaces and by about 4 log CFU/cm 2 on exterior surfaces. Throughout 42 days of refrigerated storage (at both 0 and 4ЊC), L. monocytogenes populations on CPC-treated samples remained lower (P ϭ 0.05) than those of nontreated samples for both surface types. After 42 days of storage at both 0 and 4ЊC, aerobic plate count and lactic acid bacteria populations of treated samples were 1 to 1.5 log CFU/cm 2 lower (P ϭ 0.05) than those of nontreated samples for both surface types. CPC treatment resulted in negligible effects (P Ͼ 0.05) on the color (L*, a*, and b* values) of exterior and sliced roast beef surfaces during storage. For both sliced and exterior surfaces, CPC-treated samples were generally less firm than nontreated samples. CPC treatment effectively reduced L. monocytogenes populations on roast beef surfaces and resulted in relatively minor impacts on color and texture attributes. CPC treatment, especially when applied to products prior to slicing, may serve as an effective antimicrobial intervention for ready-to-eat meat products.
high-risk products relative to L. monocytogenes contamination (18) . As reported by Zaika et al. (24) , 26% of frozen minced beef steak samples, 22% of RTE delicatessen products, and 10% of delicatessen products to be consumed after cooking were positive for L. monocytogenes. Despite a declining prevalence of L. monocytogenes in RTE meat and poultry products sampled for regulatory purposes (9) and decreases in the annual incidence of listeriosis by 44% between 1989 and 1993 and by 38% between 1996 and 2002 (6) , additional improvements in the microbiological safety of these products are warranted. The presence of L. monocytogenes in processed meats at high frequency, the ubiquitous presence of this pathogen in processing plant environments, and the high rate of asymptomatic human carriers (8) suggest that the key issue with the safety of cooked RTE meat and poultry products is postprocess recontamination, mainly during peeling, slicing, and packaging.
Researchers have evaluated various means of improving the safety of deli-type RTE meat products, including antimicrobial packaging films (4, 10) , application of antimicrobial treatments such as organic acids (12, 13) and nisin (12) prior to final packaging, and postpackage pasteurization technologies such as high-pressure (1) and thermal treatments (10, 11) . Recent USDA-FSIS regulations require processors to incorporate strategies to control L. monocytogenes in postlethality exposed RTE meat products by one of three defined alternatives, with preferred tactics including postlethality treatments (e.g., steam pasteurization, hot water pasteurization, radiant heating, high-pressure processing) and antimicrobials or growth inhibitors (19) . Thus, there is a need for research to evaluate and validate additional postlethality treatments and antimicrobial agents and processes.
Cetylpyridinium chloride (CPC), a quaternary ammonium compound, has been approved for application to raw poultry products by the USDA and the U.S. Food and Drug Administration (16, 20) and is the active ingredient in some mouthwashes (2) . CPC has been applied as a dip or spray to a variety of food matrices, including poultry skin (2, 3, 22, 23) , fresh beef tissue (7), and fresh-cut vegetables (21) , with demonstrated effectiveness against pathogens such as Escherichia coli O157:H7, Salmonella spp., and Listeria spp. The objectives of this study were to examine the efficacy of CPC as a postprocess decontaminant for exterior and sliced roast beef surfaces prior to packaging and to determine the influence of CPC treatment on quality attributes (color and firmness) after extended chilled storage.
MATERIALS AND METHODS

Preparation of bacterial cultures.
A five-strain cocktail of L. monocytogenes (serotype 3 [ATCC 19113 ]; serotype 4c [ATCC 19116] ; and strains 101M, 109, and 108M obtained from Dr. Larry Beuchat, University of Georgia) was used to inoculate roast beef. Cultures were maintained separately at 4ЊC on tryptic soy agar slants (TSA; Difco, Becton Dickinson, Sparks, Md.). Cultures were transferred every 30 days to maintain viability. The inoculum was prepared by transferring cultures individually into 10 ml of tryptic soy broth (TSB; Difco, Becton Dickinson) and incubating at 35ЊC for 24 h. Aliquots (1 ml) of each were then transferred individually into 100 ml of TSB contained in 250-ml centrifuge bottles and further incubated at 35ЊC for 20 h. The resultant cultures were centrifuged at 15,600 ϫ g for 10 min at 4ЊC. The supernatant was removed, and the cell pellets were resuspended in 50 ml of 0.1% sterile peptone water (Difco, Becton Dickinson) and recentrifuged. The supernatant was removed, and the resultant pellets were resuspended in 10 ml of peptone water. A cocktail was prepared by mixing the five cultures in a sterile bottle to achieve a final volume of 50 ml of the combined inoculum; cell density was determined by plating on modified Oxford agar (Oxoid Ltd., Basingstoke, Hampshire, UK). This mixed culture was deemed the high-level inoculum; to prepare the low-level inoculum, a portion of the original cocktail was diluted by a factor of 10,000. The high-and low-inoculum suspensions were each placed in high-density polyethylene plastic spray bottles (Sprayco, Detroit, Mich.) for use in the mist inoculation procedure.
Preparation and inoculation of roast beef samples. Restructured cooked roast beef chubs (51 cm long) were obtained from a commercial manufacturer and stored at 0ЊC prior to use. For these studies, the vacuum-packaged roast beef product was removed from storage, the packaging was aseptically removed, and the slices (15 cm long, 10 cm wide, 5 cm thick) were prepared, with each slice having a ''sliced/cut'' surface and an ''exterior'' surface (original surface in contact with the casing during cooking operations). Slices were inoculated to determine the efficacy of CPC against L. monocytogenes populations; noninoculated slices were used to evaluate the efficacy of CPC against naturally occurring bacterial populations and to determine quality effects (color and firmness). Slices to be inoculated were individually placed on a tray, misted with inoculum in a biocontaminant chamber, and held for 30 min in a sterile laminar flow cabinet to allow surface attachment of L. monocytogenes. Samples were inoculated at either a high (7 to 8 log CFU/cm 2 ) or a low (3 to 4 log CFU/cm 2 ) initial level.
CPC treatment and sample storage. A 1% solution of CPC (CECURE, Safe Foods Corporation, North Little Rock, Ark.) was prepared by adding 25 ml of 40% concentrated CPC to 1,000 ml of 25ЊC deionized water. Individual slices (both inoculated and noninoculated) of roast beef were immersed in 500 ml of CPC solution (25ЊC) for 1 min. Individual slices were then vacuum packaged in cryovac bags (Cryovac Sealed Air Corporation, Duncan, S.C.; oxygen transmission ϭ 3 to 6 cc/m 2 /24 h at 1 atm, 4.4ЊC, and 0% relative humidity; water vapor transmission, 0.5 to 0.6 g/645 cm 2 /24 h, 100% relative humidity) and stored at either 0ЊC (dark conditions) or 4ЊC (lighted) for 42 days. Each CPCtreated sample had a corresponding control (nontreated) sample that was identically stored and analyzed. Samples stored at 4ЊC were held in a display case with lighting conditions simulating those of retail stores. The light intensity was maintained at 1,070 lux (107-ft candles) using deluxe warm-white fluorescent light and was measured at weekly intervals with a light meter (model 407026, Extech Instruments Corp., Waltham, Mass.). Packages were rotated at 3-day intervals for even distribution of light on the sample surfaces.
Sample collection and microbiological analysis. Samples were analyzed on days 0, 3, 7, 14, 21, 28, and 42 of storage. Inoculated samples were analyzed for L. monocytogenes populations; noninoculated samples were analyzed for total aerobic plate counts (APCs), E. coli, total coliform, lactic acid bacteria (LAB), and yeast and mold populations.
Two cores (each 3.4 cm in diameter and 0.5 cm thick) were excised from both the exterior surface and the sliced surface of roast beef slices, and the tissue from each surface was analyzed separately. The cores were homogenized with 25 ml of 0.1% sterile peptone water in a stomacher 400 lab blender for 2 min; serial dilutions were then prepared in sterile peptone water.
L. monocytogenes populations were determined quantitatively by plating appropriate dilutions on modified Oxford agar and tryptose phosphate agar (Difco, Becton Dickinson) using a Whitley automatic spiral plater (Don Whitley Scientific Ltd., Shipley, West Yorkshire, UK). After incubation at 35ЊC for 24 to 48 h, CFUs typical of L. monocytogenes were enumerated. Five typical colonies from duplicate plates of modified Oxford agar and tryptose phosphate agar were confirmed as L. monocytogenes by Gram staining procedures and a catalase test. Further verification was performed by performing a fermentation of glucose, xylose, and mannitol and a reduction of nitrite.
Appropriate serial dilutions of noninoculated samples were analyzed using APC Petrifilm (3M Corp., St. Paul, Minn.) to determine APCs and E. coli Count Petrifilm (3M) to determine E. coli and total coliform populations. APC and E. coli Count Petrifilm were incubated at 35ЊC for 24 to 48 h. Potato dextrose agar (Difco, Becton Dickinson) incubated at 25ЊC for 48 h was used to estimate yeast and mold populations. LAB populations were determined using deMan Rogosa Sharpe agar (Difco, Becton Dickinson) incubated anaerobically at 35ЊC for 24 to 48 h in anaerobe jars with anaerobic system envelopes (GasPak Plus, Becton Dickinson Microbiology Systems, Sparks, Md.).
Quality attributes (color and firmness) of roast beef. Noninoculated samples were used to evaluate the effects of CPC treatment on surface color and firmness of roast beef. Color was evaluated separately on both the exterior and the sliced surfaces. A Hunter Miniscan spectrophotometer (model MS/S-4000S, Hunter Associated Lab., Inc., Reston, Va.) was used to determine the lightness (L* values), redness (a* values), and yellowness (b* values) of roast beef samples. For cut surfaces, the average of four readings (two from each cut side) was used for analysis, whereas for the exterior surface, two readings from the exterior surface were used for analysis.
A texture analyzer (TA-XT2, Stable Micro Systems, Haslemere, UK) was used to determine the firmness of roast beef samples. A p/0.5S stainless steel spherical 1.27-cm-diameter ball probe with 100 g of force and 1.7 mm/s test speed penetrating 8.9 mm into the surface of the product was used. Samples were removed from 0 and 4ЊC storage and tempered at room temperature for 30 min prior to analysis. The firmness of exterior and sliced surfaces was evaluated separately using intact slices.
Experimental design and statistical analysis. All microbial populations were reported as log CFU per square centimeter. A completely randomized block design was used to evaluate microbial populations as well as the color and firmness of the roast beef stored at 0 and 4ЊC with repeated measures on days 0, 3, 7, 14, 21, 28, and 42. Three replications of this experiment were performed. Analysis of variance was performed using the SAS PROC MIXED procedure and a comparison of the LSmeans.
RESULTS AND DISCUSSION
Effect of 1% CPC treatment on L. monocytogenes populations. Analysis of variance of L. monocytogenes populations recovered from the exterior and the sliced surfaces of roast beef samples inoculated at low initial levels (4 log CFU/cm 2 ) after treatment with 1% CPC and storage for 42 days at 0 and 4ЊC indicated significant (P ϭ 0.05) interactive effects of storage temperature, storage days, and 1% CPC treatment. In addition to this interactive effect, the individual main effects of storage temperature, storage time, and 1% CPC treatment significantly (P ϭ 0.05) affected the growth of L. monocytogenes on both exterior and sliced roast beef surfaces. Figure 1A shows the L. monocytogenes populations on the sliced surface inoculated at low initial levels for both control (nontreated) and CPC-treated samples during 42 days of storage at 0 and 4ЊC. CPC treatment of the sliced roast beef surface had an immediate bactericidal effect on L. monocytogenes (reduced initial populations by about 2 log CFU/cm 2 ) and exhibited a bacteriostatic effect during the 42-day storage period (Fig. 1A) .
L. monocytogenes populations of exterior roast beef surfaces inoculated at low initial levels (ca. 4 log CFU/cm 2 ) are shown in Figure 1B . CPC treatment clearly demonstrated a listericidal activity on exterior roast beef surfaces immediately after application, reducing L. monocytogenes populations by Ͼ4 log CFU/cm 2 . Thereafter, populations remained relatively constant at Ͻ1 log CFU/cm 2 ; toward the end of storage (days 21 to 42), L. monocytogenes populations on treated samples increased by ca. 2 log cycles. Listeria populations on nontreated exterior surfaces remained within the range of the original inoculation level (about 4 to 5 log CFU/cm 2 ) throughout storage. Populations on CPC-treated exterior surfaces were 2 to 4 log cycles CFU/cm 2 lower than on nontreated products.
For sliced roast beef surfaces inoculated at high initial levels (Fig. 1C) , CPC-treated samples had significantly (P ϭ 0.05) lower L. monocytogenes populations than nontreated samples at both storage temperatures. Furthermore, for the control samples of this group, substantially higher (P ϭ 0.05) L. monocytogenes populations were observed on samples stored at 4ЊC than at 0ЊC on days 28 and 42 (Fig.  1C) . For this product surface type, 1% CPC seemed to provide a bacteriostatic effect, particularly at the 4ЊC storage temperature.
A significant (P ϭ 0.05) bactericidal effect was observed immediately after CPC treatment on exterior roast beef surfaces inoculated at high initial levels (Fig. 1D) , as L. monocytogenes populations were reduced by 4 log CFU/ cm 2 . L. monocytogenes populations on treated samples remained about 4 log CFU/cm 2 lower (P ϭ 0.05) than those on nontreated samples through day 21 of storage. At the end of storage, populations on treated samples remained significantly (P ϭ 0.05) lower than those on nontreated samples and, within treatment, samples stored at 0ЊC demonstrated somewhat lower populations than samples stored at 4ЊC (Fig. 1D ).
These results demonstrate that surface type (i.e., sliced versus exterior) clearly affected the effectiveness of the CPC treatment for reducing L. monocytogenes on cooked roast beef, with the pathogen more easily reduced on exterior than on sliced surfaces. In previous works that have evaluated spray applications of CPC to RTE meats, we have observed maximum initial reductions in L. monocytogenes populations of 3.0 log CFU/g on polish sausages (14) and 1.7 log CFU/g on frankfurters (15), and we speculate that the disparity in the initial reductions achieved for these two RTE products was due, in part, to differences in surface characteristics. Other researchers have also noted the effectiveness of intervention treatments can be affected by the characteristics of the surface being treated (11) .
The immediate reductions in L. monocytogenes populations observed on exterior roast beef surfaces in our study are similar in magnitude to the reductions reported by Muriana et al. (11) for thermal treatments applied either before or after packaging to the exterior of deli turkey products (reductions ranged from 2.0 to 3.8 log). Similarly, McCormick et al. (10) reported that thermal treatment of turkey bologna slices after packaging reduced L. monocytogenes populations by 4.5 log immediately after treatment; after 2 months of refrigerated storage, populations on pasteurized samples remained about 4 to 5 log lower than those of controls.
Antimicrobial solutions have been evaluated for application to sliced RTE deli products for controlling L. monocytogenes. Samelis et al. (13) immersed slices of cooked pork bologna inoculated with L. monocytogenes in solutions of organic acids or organic acid salts. Although the antimicrobial solutions evaluated did not appear to have significant bactericidal effects (little, if any, reduction in pathogen population immediately after treatment), pathogen outgrowth was inhibited for 120 days of refrigerated storage by acetic acid, sodium diacetate, and potassium benzoate when used at concentrations of 5%. Subsequent evaluation of solutions containing acetic or lactic acid (3 or 5%) combined with nisin demonstrated initial reductions in L. monocytogenes populations of about 1.5 log cycles (12) , which are similar in magnitude to the reductions achieved by 1% CPC on sliced roast beef surfaces in our current study (about 2.0 log cycles).
Effect of 1% CPC treatment on naturally occurring bacterial populations. The combination of 1% CPC treatment and storage days had a significant (P ϭ 0.05) effect on the APCs of both sliced ( Fig. 2A) and exterior (intact) (Fig. 2B ) roast beef surfaces stored at 0 and 4ЊC. Further analysis of main effects indicated that both storage days and 1% CPC treatment had a significant (P ϭ 0.05) effect on the growth of APCs at 0 and 4ЊC storage temperatures for both the sliced and exterior surfaces of roast beef. The APC populations of sliced and exterior surfaces were nearly identical during the storage period. For the sliced surfaces stored for 42 days at 4ЊC, the APCs on nontreated samples reached 4.36 log CFU/cm 2 compared to 2.54 log CFU/cm 2 for treated samples (Fig. 2A) . After 42 days at 0ЊC, the APCs of nontreated and treated sliced surfaces were 4.04 and 2.33 log CFU/cm 2 , respectively ( Fig. 2A) . For exterior roast beef surfaces stored for 42 days at 4ЊC, the APCs of nontreated and treated samples were 4.37 and 2.5 log CFU/ cm 2 , respectively. When stored at 0ЊC for the same time period, the APCs of nontreated and treated samples were 4.03 and 2.39 log CFU/cm 2 , respectively (Fig. 2B) . Results from this study are consistent with those reported by Cutter et al. (7), who observed reductions in APC populations on beef surfaces immediately after spray treatment with 1% CPC and after extended, refrigerated, vacuum-packaged storage.
Analysis of variance of LAB populations recovered from sliced and exterior surfaces of roast beef indicated that the combination of storage day and 1% CPC treatment had a significant (P ϭ 0.05) effect on the growth of LAB at 0 and 4ЊC (data not shown). Additionally, significant (P ϭ 0.05) individual effects of storage day, 1% CPC treatment, and storage temperature were observed for sliced surfaces. Storage temperature (0 and 4ЊC) did not have a significant (P Ͼ 0.05) effect on the growth of LAB on the exterior surfaces of roast beef. After 42 days of storage, LAB populations on nontreated sliced surfaces stored at 0 and 4ЊC were 3.41 and 3.83 log CFU/cm 2 , respectively, while LAB populations on treated samples stored at 0 and 4ЊC were 2.01 and 2.17 log CFU/cm 2 , respectively (data not shown). For exterior surfaces, treatment with 1% CPC held LAB populations to 2.10 and 2.27 log CFU/cm 2 after 42 days of storage at 0 and 4ЊC, respectively, compared to 3.39 and 3.82 log CFU/cm 2 for nontreated (control) surfaces stored at 0 and 4ЊC, respectively.
For all samples (treated and nontreated), yeast and mold, total coliform, and E. coli populations were below detectable limits (Ͻ0.75 CFU/cm 2 ) on both sliced and exterior roast beef surfaces on all sampling days and at all storage temperatures.
Effect of 1% CPC treatment on color of roast beef. Tables 1 and 2 summarize the influence of 1% CPC treatment, storage temperature, and storage time on the color of sliced and exterior roast beef surfaces stored at 0 and 4ЊC. Although statistically significant (P ϭ 0.05) differences were observed among lightness (L*), redness (a*), and yellowness (b*) values of various samples, these differences could be due in part to the restructured nature of the roast beef product, possibly resulting in interference of the fat pockets (observed visually on the product) at the time of color analysis.
For sliced surfaces stored at 0ЊC, no significant (P Ͼ 0.05) differences were observed in the L* values of nontreated (L* values ranging from 34.03 to 43.76) and 1% CPC-treated samples (L* values ranging from 34.28 to 43.05) ( Table 1) . Storage time had a significant (P ϭ 0.05) effect on the L* values of exterior roast beef surfaces irrespective of 1% CPC treatment and storage temperature ( Table 2 ). Significant (P ϭ 0.05) differences were observed for the interactive effects of temperature and storage days, as well as for the treatment and storage days, on the a* values of sliced roast beef surfaces (Table 1) . Storage time and 1% CPC treatment had a significant (P ϭ 0.05) effect on the a* values of exterior surfaces stored at 0 and 4ЊC (Table 2 ). Significant (P ϭ 0.05) effects of (i) treatment Effect of 1% CPC treatment on firmness of roast beef. As noted previously, the restructured nature of the roast beef product may have partially contributed to differences in firmness values. Significant differences (P ϭ 0.05) were observed in the firmness of sliced roast beef surfaces stored for 42 days at 0 and 4ЊC (Table 3) . A significant (P ϭ 0.05) interactive effect of storage temperature and 1% CPC treatment was observed on the firmness of exterior roast beef surfaces (Table 3) . Storage temperatures (0 and 4ЊC) had a significant (P ϭ 0.05) effect on the firmness of nontreated and treated sliced roast beef surfaces. The firmness of nontreated (control) samples was consistently higher than that of 1% CPC-treated samples (Table 3 ). An unusual increase in the firmness of nontreated (control) sliced surfaces was observed on day 42 at 4ЊC. For exterior roast beef surfaces, CPC-treated samples stored at 0ЊC were consistently less firm than CPC-treated samples stored at 4ЊC and were also consistently less firm than nontreated samples (Table 3) .
Our experimental results demonstrate that 1% CPC treatment can reduce L. monocytogenes contamination on RTE deli products, such as roast beef. Immediately after treatment, a nearly 2-log CFU/cm 2 reduction in L. monocytogenes populations was achieved on sliced roast beef surfaces, and a reduction of ca. 4 log CFU/cm 2 was achieved on exterior surfaces. This suggests that the application of CPC treatments to deli products prior to slicing maximizes beneficial antimicrobial effects while also minimizing any effects on product quality. Areas warranting further evaluation include the impacts of CPC treatment on sensory characteristics (e.g., taste), which is most appropriately evaluated on a product-by-product basis, as well as the efficacy of CPC for controlling the outgrowth of L. monocytogenes when RTE products are stored at ''abusive'' temperatures.
